The dehydrogenation of 1,2-cyclohexanediol (CHD) helps in the effective utilization of not only fossil derivatives but also vicinal diols and polyols from sustainable biomass-derived resources. A thermodynamic analysis of CHD dehydrogenation was computed with density functional theory (DFT) calculation using Gaussian 09. The result indicates that CHD can be converted to 2-hydroxy cyclohexanone (HCO), 2-hydroxy-2-cyclohexen-1-one (HCEO) and pyrocatechol depending on the degree of dehydrogenation. HCO and HCEO are the stable products of the primary and secondary dehydrogenation. Experimentally, Cu/MgO catalysts were prepared using glucose as a reductant, and were characterized by SEM, TEM, XRD, XPS, TPR, BET and ICP. Furthermore, their catalytic performance regarding the oxygen-free dehydrogenation of CHD was investigated. The results indicate that the primary active crystalline phase of Cu/MgO was Cu 2+1 O, and that the dehydrogenation products were mainly HCO and HCEO, in accordance with thermodynamic predictions. Upon optimizing the reaction conditions, the total selectivity of HCO and HCEO exceeded 90% and the conversion of CHD was approximately 95%.
Introduction
In recent years, the process of producing cyclohexene via the selective hydrogenation of benzene has greatly matured [1] [2] [3] [4] , having laid a critical foundation for the efficient use of coal. It has been reported that a variety of essential chemical products can be developed from the oxidation of cyclohexene, such as 1,2-cyclohexanediol (CHD), cyclohexane oxide, adipic acid [5] [6] [7] etc. More specifically, CHD can be refined into pyrocatechol [8, 9] , adipic acid [10, 11] , cyclohexanone [12] , and heterocyclic compounds [13] [14] [15] , etc. Currently, the prevalent studies on the dehydrogenation of CHD rely on stoichiometric oxidants, such as NaBrO 3 /NaHSO 3 [16] , O 3 , O 2 [17, 18] , KMnO 4 , K 2 CrO 4 , tert-butyl hydroperoxide [19] and H 2 O 2 [20] , etc. The primary product produced from the dehydrogenation of CHD is 2-hydroxy cyclohexanone (HCO), but CHD can be further dehydrogenated to form other products (e.g., 1,2-cyclohexanedione and adipic acid [16] ) either under excess oxidant concentration, a prolonged reaction time or a high reaction temperature. For example, Vermaet et al [20] used PEG·KBr 3 to catalyze the dehydrogenation of CHD, by which the CHD in H 2 O 2 can be oxidized to HCO or cyclohexanedione by tuning the reaction temperature and the ratio of reactants. In acetonitrile, CHD can be converted into cyclohexanedione, HCO and adipic acid catalyzed by Q 3 H 2 [IMo 6 O 24 ] (Q = (n-Bu) 4 N + ) at 80 • C [21] . Furthermore, in the presence of excessive oxidants, this not only resulted Scanning electron microscopy (SEM): SEM was performed with an EGA TS-5130SB scanning electron microscope (TESCAN, Czech). The micrographs were obtained at an accelerating potential of 15 kV under low vacuum.
High resolution transmission electronic microscopy (HRTEM): The size and distribution of samples were conducted by using a Tecnai G2 F20 high resolution transmission electronic microscope (FEI, Netherlands) with a point resolution of 0.248 nm and a linear resolution of 0.248 nm.
The maximum enlargement factor of this equipment was 1.05 million.
Specific surface area analysis.: The specific surface area of samples was obtained from an N 2 adsorption-desorption isotherm at 77 K with a Micromeritics ASAP 2020 Surface Area and Porosity Analyzer (Micromeritics Instrument Corp., USA), after degassing at 200 • C and 10 µmHg for 4 h. Multipoint BET analysis method was used to calculate the specific surface area. Temperature-programmed reduction (H 2 -TPR).: TPR tests were carried out on Micromeritics Auto Chem II-2920 Chemisorption Analyzer (Micromeritics, USA). The samples were pretreated in a flow of Ar (50 mL/min) at room temperature for 1.0 h. Subsequently, the gas flow was switched to H 2 (10 vol% in Ar, 50 mL/min) and the sample was heated to 900 • C at a ramp rate of 10 • C/min. The H 2 consumption was monitored by a thermal conductivity detector (TCD).
X-ray photoelectron spectroscopy (XPS) and Auger electron spectroscopy (AES): XPS and AES of samples were performed with an HI-1600 X-ray photoelectron microscope (PE, USA) with a monochromatic Mg Kα radiation (1253.6 eV) as the X-ray excitation source. The energies of the full spectrum and the narrow spectrum were 187.8 eV and 23 eV, respectively. The binding energy of C1s (284.6 eV) was used as a calibration standard.
Inductively coupled plasma-atomic emission spectrometry (ICP-AES): The elemental composition of the catalysts was determined by ICP-AES on an Optima 7300 V spectrometer (PE, USA).
Evaluation of Catalytic Activity
The catalytic performance of catalysts for the dehydrogenation of CHD was evaluated on a fixed-bed reactor composed of a stainless-steel tube with an inner diameter of 5 mm. The operational process was as follows: 1.0 g of catalyst and an equal volume of quartz sand were mixed and packed in the thermostatic zone of the reactor. Then, the feed of CHD solution (25 mg CHD/mL tetrahydrofuran) was pumped into the reactor after the catalyst bed was heated to the reaction temperature, and the system pressure was maintained at 0.5 MPa with N 2 . During the reaction process, sampling was regularly withdrawn for quantitative analysis.
The reaction products were quantitatively analyzed on a SP3400 gas chromatograph (Beijing Beifen Ruili Analytical Instrument co. Ltd, China) with a PEG-20M capillary column. The analysis conditions were as follows: N 2 carrier gas was flowed at a rate of 30 mL/min, a FID (Flame Ionization Detector) temperature of 220 • C, and an injection port temperature of 220 • C. The column temperature was programmed as follows: the initial oven temperature was set at 80 • C and then increased at a rate of 10 • C·min −1 to 240 • C and then held for 3 min. Lastly, the conversion of CHD and the yield of products were calculated by using the area normalization method.
Calculation of Thermodynamics
Gaussian 09 software was used to thermodynamically evaluate the dehydrogenation reaction at the B3LYP/DFT level [33] . All atoms were determined by the 6-31G+(d, p) basis set. The solvent effect was calculated by using the polarized continuum model (PCM) [34] . The geometry optimization and frequency were calculated to avoid the emergence of an imaginary frequency in the same methods, which referred to each species. If not noted otherwise, the thermal enthalpies (∆H) and free energies (∆G) of the reaction reported in this article were estimated at the relative energies, which refer to those with zero-point energy (ZPE) correction. 
Results and Discussion

Thermodynamic Analysis
Stability Analysis of Primary Dehydrogenation Products
Density functional theory (DFT) calculations were used to predict the possible isomers of the dehydrogenated products. Meanwhile, the thermal equilibrium of dehydrogenation was also calculated. The possible dehydrogenated products and corresponding calculations are summarized in Table 1 . in Table 1 .
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corresponding Gibbs free energies are compiled in Table 1 . According to the Arrhenius formula, at 148 25 °C and under 1 atm, the molar ratio of these three isomers is 10E(+10):2.5E(+3):8.8, which
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indicates HCO would be the dominant structure, accounting for more than 99.9% of all products.
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The secondary dehydrogenation products also generate three possible isomers. Likewise, at 25 °C
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and under 1 atm, the ratio of these three isomers is 10E(+13):3.1E(+11):9.4 according to the
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Arrhenius formula, which shows that HCEO accounted for over 99% of the formed products.
153
Moreover, when the temperature of the gas phase of the system rises to at least 100 °C, the 154 cyclohexadione isomer occupies only about 1~4% of all structures. In short, these ο-diketone 155 structures are not very stable in the gas phase. In addition, in either an acetonitrile or water solvent,
156
cyclohexadione occupies 32% and 29%, respectively, of the total secondary products. Due to the 157 conjugation nature of HCEO, the carbon-carbon single bond adjoined to the hydroxyl oxygen is not 158 easily broken, whereas the carbon-carbon bond is easily severed owing to the two adjacent ketones,
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which rationalizes why the carbon-carbon bond of cyclohexadione can be easily oxidized. Table 2 . This indicates that the three-step dehydrogenation
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reactions of CHD are all endothermic reactions, in which the amount of heat absorbed from the 167 largest to the smallest is in the order of the second step, then the first step, and then the third step.
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As the temperature increases, the reaction accelerates, the equilibrium shifts towards the right of 169 the reaction, and the conversion rate increases. Actually, the second step of the dehydrogenation is 170 in Table 1 .
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As the temperature increases, the reaction accelerates, the equilibrium shifts towards the right of 169 the reaction, and the conversion rate increases. Actually, the second step of the dehydrogenation is The products of primary dehydrogenation generate three possible isomers, and their corresponding Gibbs free energies are compiled in Table 1 . According to the Arrhenius formula, at 25 • C and under 1 atm, the molar ratio of these three isomers is 10E(+10):2.5E(+3):8.8, which indicates HCO would be the dominant structure, accounting for more than 99.9% of all products. The secondary dehydrogenation products also generate three possible isomers. Likewise, at 25 • C and under 1 atm, the ratio of these three isomers is 10E(+13):3.1E(+11):9.4 according to the Arrhenius formula, which shows that HCEO accounted for over 99% of the formed products. Moreover, when the temperature of the gas phase of the system rises to at least 100 • C, the cyclohexadione isomer occupies only about 1~4% of all structures. In short, these o-diketone structures are not very stable in the gas phase. In addition, in either an acetonitrile or water solvent, cyclohexadione occupies 32% and 29%, respectively, of the total secondary products. Due to the conjugation nature of HCEO, the carbon-carbon single bond adjoined to the hydroxyl oxygen is not easily broken, whereas the carbon-carbon bond is easily severed owing to the two adjacent ketones, which rationalizes why the carbon-carbon bond of cyclohexadione can be easily oxidized.
Thermodynamic Analysis of the Dehydrogenation Reaction in the Gas Phase
CHD usually produces stable pyrocatechol through deep dehydrogenation. The reaction process is shown in Equation (1). The results of the thermodynamic calculation for the dehydrogenation of CHD are shown in Table 2 . This indicates that the three-step dehydrogenation reactions of CHD are all endothermic reactions, in which the amount of heat absorbed from the largest to the smallest is in the order of the second step, then the first step, and then the third step. As the temperature increases, the reaction accelerates, the equilibrium shifts towards the right of the reaction, and the conversion rate increases. Actually, the second step of the dehydrogenation is the most critical step of the entire reaction. In fact, the temperature of the first step will occur spontaneously at about 114 • C; however, the second step occurs only when the temperature exceeds 340 • C, while the last step can occur at least 32 • C. When the first two steps are combined, the temperature of the reaction can occur spontaneously at 227 • C; however, when all three steps are combined, the temperature of the reaction can occur at 160 • C. Furthermore, at a temperature of 250 • C, the equilibrium conversion rate of the first step reaction will be an impressive 98.3%. Generally, hydrogen can maintain the oxidation performance of catalysts [35, 36] . If the hydrogen amount in the system is up to 10 times that of stoichiometry, the equilibrium conversion rate of the first step will be restricted to 83.7% at 250 • C. Additionally, if the hydrogen in the system is again lowered to 2 times, the conversion rate of the first step will again be limited to 90.4% at 220 • C. The conversion rate of the first step of the dehydrogenation will be at 96.6% at the same temperature under the oxygen-free dehydrogenation condition. Therefore, the hydrogen removed from the system will not affect the reaction obviously; on the contrary, it may also help to keep the catalyst active [8, 12] . 
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(1) Additionally, the dehydration reaction is the primary side reaction during the 187 dehydrogenation of CHD [12] , which is followed by a ring-opening and fragmentation reaction at 188 higher temperatures. At 220 °C, the free energy of the dehydration step, producing cyclohexanone,
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is -23.68 kcal/mol, which is far lower than that of the entire dehydrogenation reaction. Therefore,
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the dehydration needs to be strictly inhibited by a better catalyst. On the other hand, alcoholysis
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usually involves free radical reactions at higher temperatures. Thus, the reaction temperature
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should be appropriately controlled in order to decrease pyrolysis products. 
Catalyst Characterization Results
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Cu/MgO catalysts with different Cu loadings were prepared by the precipitation method and
195
calcined at 250 °C and 350 °C in an N2 environment. Their XRD spectra are presented in Figure 1 .
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Additionally, the dehydration reaction is the primary side reaction during the dehydrogenation of CHD [12] , which is followed by a ring-opening and fragmentation reaction at higher temperatures. At 220 • C, the free energy of the dehydration step, producing cyclohexanone, is −23.68 kcal/mol, which is far lower than that of the entire dehydrogenation reaction. Therefore, the dehydration needs to be strictly inhibited by a better catalyst. On the other hand, alcoholysis usually involves free radical reactions at higher temperatures. Thus, the reaction temperature should be appropriately controlled in order to decrease pyrolysis products. [37] . However, the crystalline phase of Cu 2+1 O could be detected after being calcined at Figure 2 . It can be seen that the particle size of these catalysts was about 30 nm, which was consistent with the XRD results. 
Catalyst Characterization Results
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Sustainability 2019, 11, x FOR PEER REVIEW 6 of 14 Cu2+1O, respectively. These results indicate that Mg(OH)2 was decomposed into MgO as the 202 temperature increased from 250 °C to 350 °C. In addition, there was no evident crystalline phase of 203 Mg(OH)2 in the samples calcined at 350 °C, because 350 °C was the lowest temperature for
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Cu 2+ + C5H11O5 -CHO(aq) → Cu2O(s) + C5H11O5COOH (aq) The Cu/MgO catalysts with different Cu loadings were alternatively prepared by the impregnation method, and their XRD patterns are exhibited in Figure 3 . A Cu 0 phase (JCPDS04-0836, 2θ = 43.3 • , 50.4 • ) evidently emerges in the samples prepared through the impregnation method [24] , which may, compared to the samples prepared by the precipitation method, be due to the presence of more Cu(NO 3 ) 2 on the catalyst surface and more contact between the Cu(NO 3 ) 2 Table 3 summarizes the specific surface area, mass ratio of Cu to MgO and the crystallite size Cu2+1O and MgO of various Cu/MgO catalysts. The composition of the bulk phase of the catalys s measured by ICP, and the results confirm that the mass ratio of Cu to MgO was preserve m the initial loading to post-synthesis. Furthermore, the specific surface area of the as-prepare /MgO catalysts gradually decreases and the crystallite size of Cu2+1O increases as the Cu-loadin reases. The reason for this may be that the Cu component occupied the pore channel of MgO. I be seen from Table 1 that after the catalyst was heated for 3 h at 350 °C, the sizes of th stalline grain of Cu2+1O and MgO were 20~40 nm and about 10 nm, respectively. Whe paring the different methods of preparing the catalysts, the specific surface area of Cu/MgO pared by precipitation method is greater than that prepared by the impregnation method. Th O for the impregnation from Mg(OH)2 was first calcined at 400 °C for 3 h, which converts th cipitated, amorphous MgO into a crystalline state and greatly decreases its specific surface ile the crystal size for Cu2+1O changed slightly. 228 Table 3 summarizes the specific surface area, mass ratio of Cu to MgO and the crystallite sizes Table 3 summarizes the specific surface area, mass ratio of Cu to MgO and the crystallite sizes of Cu 2+1 O and MgO of various Cu/MgO catalysts. The composition of the bulk phase of the catalyst was measured by ICP, and the results confirm that the mass ratio of Cu to MgO was preserved from the initial loading to post-synthesis. Furthermore, the specific surface area of the as-prepared Cu/MgO catalysts gradually decreases and the crystallite size of Cu 2+1 O increases as the Cu-loading increases. The reason for this may be that the Cu component occupied the pore channel of MgO. It can be seen from Table 1 that after the catalyst was heated for 3 h at 350 • C, the sizes of the crystalline grain of Cu 2+1 O and MgO were 20~40 nm and about 10 nm, respectively. When comparing the different methods of preparing the catalysts, the specific surface area of Cu/MgO prepared by precipitation method is greater than that prepared by the impregnation method. The MgO for the impregnation from Mg(OH) 2 was first calcined at 400 • C for 3 h, which converts the precipitated, amorphous MgO into a crystalline state and greatly decreases its specific surface, while the crystal size for Cu 2+1 O changed slightly. The XPS technique was also employed to characterize the 0.24Cu/MgO-C-350 catalyst, and its corresponding result is presented in Figure 5 . Since the binding energy of Cu 0 and Cu + is very close and cannot be further deconvoluted, the use of Cu LMM Auger spectrum was instead employed to discriminate between Cu 0 and Cu + . There is only one peak (917.3 eV) between 916 eV and 920 eV in Auger electron spectroscopy (not listed), indicating no Cu 0 in the sample [24] . The XPS spectrum of Cu 2p 3/2 was subjected to peak deconvolution to generate two peaks of binding energy at 932.5 eV and 934.8 eV, which correspond to Cu + and Cu 2+ , respectively [38] . Furthermore, the ratio of Cu 2+ /Cu + was 22.8:100 according to the fractal processing of the Cu 2p 3/2 peaks. Another method used the correlation between the area of the nearest shake-up peak (940-945 eV) of Cu 2+ and its linear equation of area in Cu 2p 3/2 [38] . The ratio of Cu 2+ /Cu + was consistent with the former on the whole. However, the binding energy of Cu 2+ in this sample is higher than that in the literature (the binding energy of Cu 2p 3/2 in CuO is about 933.5 eV), indicating that there is a stronger interaction between Cu 2+ and MgO or Cu 2 O. Furthermore, the 2p→3d satellite peak at 940~945 eV further validates the existence of Cu 2+ species [24] .
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Catalytic Performance of Cu/MgO in the Dehydrogenation of CHD
The qualitative analysis of the dehydrogenation was carried out on a GC-MS. It was discovered that the major components in the CHD dehydrogenation in the presence of Cu/MgO were HCO and HCEO, but the extended dehydrogenation product, pyrocatechol, could not be detected. Other byproducts in the reaction were also detected as expected, such as cyclohexanone, hexanol, etc.
Effects of Preparation Conditions on the Catalytic Performance of Cu/MgO
(1) Effect of Cu loading Cu/MgO catalysts with different Cu loadings were prepared, and the influence of Cu loading on the catalytic performance is listed in Figure 7 . In the absence of Cu, the conversion of CHD was rather low, and the total yield of both HCO and HCEO was also lacking despite the presence of MgO. From this result, it can be surmised that the addition of Cu to MgO is crucial to the dehydrogenation of CHD. As the content of Cu increased, the conversion of CHD also improved. However, the conversion of CHD would decline after exceeding a certain Cu content threshold. More specifically, when the percentage of Cu is optimized between 20~30%, the conversion of CHD can exceed 90% and the yield of the dehydrogenation products, HCO and HCEO, can surpass 85%. However, when the Cu content exceeds 30%, both the conversion rate of CHD and the selectivity of HCO and HCEO would decline, resulting in the increase of other byproducts, such as cyclohexanone and a number of other small molecules. 
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However, when the Cu content exceeds 30%, both the conversion rate of CHD and the selectivity of (2) Effect of calcination temperature
The effect of the calcination temperature on the catalytic performance was also investigated, and the results are summarized in Figure 8 . The calcination temperature has a significant effect on the catalytic performance of Cu/MgO. More specifically, catalysts calcined at different temperatures have a lesser effect on the conversion of CHD, but will significantly affect the selectivity of the products. When the calcination temperature is below 350 • C, Mg(OH) 2 and a few hydroxyl groups exist within and on the surface of the catalyst, respectively. Due to the surface hydroxyl groups, there exists a strong adsorption capacity between HCO and the catalyst, which was beneficial to the double dehydrogenation of CHD to HCEO. When the calcination temperature is set between 350 • C and 450 • C, the selectivity of HCO is apparently greater than that of HCEO. However, the selectivity of the product of the double dehydrogenation easily exceeds that of the first dehydrogenation when the catalyst was calcined at 550 • C. Lastly, the total selectivity of both HCO and HCEO significantly decreased because HCEO would further dehydrate into cyclohexanone and other smaller molecules. The effect of reaction temperature on the dehydrogenation of CHD was studied and the results 0 are exhibited in Figure 9 . CHD can undergo a dehydrogenation reaction on the surface of the 1 catalyst at 150 °C, and the selectivity of HCO and HCEO are essentially equal. However, as the 2 reaction temperature increases, initially, both the conversion of CHD and selectivity of HCO will 3 increase while the selectivity of HCEO will decline because HCO desorbs more easily from the 4 catalyst surface at higher temperatures. In addition, when the reaction occurs below 300 °C, the sum 5 of the selectivity of HCO and HCEO eclipses 85%. However, at a reaction temperature of 300 °C, the 6 CHD conversion and HCO selectivity declines sharply. This decline in the catalytic activity can be 7 attributed to the formation of carbon deposits on the catalyst and the decomposition of CHD into 8 smaller molecules. Thus, the optimal reaction temperature was reckoned to be 220 °C. The effect of reaction temperature on the dehydrogenation of CHD was studied and the results are exhibited in Figure 9 . CHD can undergo a dehydrogenation reaction on the surface of the catalyst at 150 • C, and the selectivity of HCO and HCEO are essentially equal. However, as the reaction temperature increases, initially, both the conversion of CHD and selectivity of HCO will increase while the selectivity of HCEO will decline because HCO desorbs more easily from the catalyst surface at higher temperatures. In addition, when the reaction occurs below 300 • C, the sum of the selectivity of HCO and HCEO eclipses 85%. However, at a reaction temperature of 300 • C, the CHD conversion and HCO selectivity declines sharply. This decline in the catalytic activity can be attributed to the formation of carbon deposits on the catalyst and the decomposition of CHD into smaller molecules. Thus, the optimal reaction temperature was reckoned to be 220 • C. (2). Effect of N2 flow rate In fixed-bed reactors, inert gases are incorporated as carrier gases to dilute the active material of interest. The effect of the N2 flow rate was studied and the results are reported in Figure 10 . As seen, the CHD conversion and HCO selectivity initially increased, then decreased during the gradual increase of N2 flow. This can be explained by the poor material dispersion at lower N2 flow rates, which led to the low conversion of CHD and the slow desorption rate of HCO from the catalyst surface. As a result, there is a comparatively higher selectivity of HCEO. When the N2 flow rate increased to 40 mL/min, the CHD conversion and HCO selectivity reached their maxima at 97.0% and 68.0%, respectively, while the selectivity of HCEO decreased to 24.5%. From this perspective, increasing the N2 flow rate caused the CHD conversion, HCO selectivity and HCEO selectivity to decrease because the residence time was apparently too short for this reaction. 
Conclusions
(1) The thermodynamic analysis of CHD dehydrogenation was conducted by DFT. HCO, HCEO and pyrocatechol were produced from the dehydrogenation reaction. The three steps of CHD dehydrogenation were all endothermic, in which the heat absorption of the second step was the largest.
(2) Cu/MgO catalysts were prepared with glucose as the reductant to catalyze the oxygen-free dehydrogenation of CHD. The Cu2+1O phase is the main catalytic site, and the strong interaction between Cu2+1O and MgO is also beneficial to the reaction. Cu/MgO has a high catalytic selectivity In fixed-bed reactors, inert gases are incorporated as carrier gases to dilute the active material of interest. The effect of the N 2 flow rate was studied and the results are reported in Figure 10 . As seen, the CHD conversion and HCO selectivity initially increased, then decreased during the gradual increase of N 2 flow. This can be explained by the poor material dispersion at lower N 2 flow rates, which led to the low conversion of CHD and the slow desorption rate of HCO from the catalyst surface. As a result, there is a comparatively higher selectivity of HCEO. When the N 2 flow rate increased to 40 mL/min, the CHD conversion and HCO selectivity reached their maxima at 97.0% and 68.0%, respectively, while the selectivity of HCEO decreased to 24.5%. From this perspective, increasing the N 2 flow rate caused the CHD conversion, HCO selectivity and HCEO selectivity to decrease because the residence time was apparently too short for this reaction. 
(2) Cu/MgO catalysts were prepared with glucose as the reductant to catalyze the oxygen-free dehydrogenation of CHD. The Cu 2+1 O phase is the main catalytic site, and the strong interaction between Cu 2+1 O and MgO is also beneficial to the reaction. Cu/MgO has a high catalytic selectivity towards HCO and HCEO, but no pyrocatechol was formed over Cu 2+1 O/MgO catalysts. The highest yields of HCO and HCEO were 68.0% and 24.5%, respectively, while the highest conversion rate of CHD was 97.0%.
This study provides both high value-added chemicals and environmentally-friendly hydrogen energy. The above routes can also be used in the dehydrogenation of renewable polyhydroxy biomass. 
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